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METHOD AND APPARATUS FOR BIOWEAPON DECONTAMINATION 

CROSS REFERENCE TO RELATED APPLICATION 
This application claims the benefit of U.S. Provisional Application No. 
60/537,457 filed January 16, 20Q4,wni<ft is hereby incorporated by refereDce in its 

entirety, 

FIELD 

The present disclosure relates to the decontarmnation of articles that are or may 
be contaminated wimbioweapons, such as «morulatedbioweapons, for example anihraj 



BACKGROUND 

U.S. mail, postal facilities; and goverrmimtbuudingB have in the pastbeen 
15 contaminated with weaponized anthrax spores, which resulted in several cases of 
bioteiToiism-T^ BecaasetteU.S. Postal Service 

currently handles an estimated 239 bimon iterr^ of maU per year>e risk is high that 
another disease ombreakwm result from acts of bioterrorism. To protect the public 
health, mail and buildings actually or potentially contenrmated with a bioweapon from 
20 such an attack must be thoroughly decontaminated. 

One problem with the decontarnination ofbioterrorism sites is that anthrax and 
other bioweapon spores generally are -weaponized," which changes the spores' native 
characteristics and makes them more resistant to deemtarrdnation. While conventional 
decemtarrrmation protocols, such as exposure to chlorine dioxide, ethylene oxide, 
formaldehyde, or steam may be sufficient to kill marry spornlated bacteria, they often 
fail to completely inactivate weaponized spores. 

Furthennore, even those conventional bioweapon d^ntarr^on protocols that 
are effective on non^orous surfaces typically rail to fully decontaminate porous 
surfaces, such as paper. For instance, U.S. Patent No. 4,681,739 discloses a method for 
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decontaminating abacterial spor^ntarrraiated sur&ce that is sobstantiaUy gas- 
inrpermeable. However, Mb method is ineffective at deconfanniwtmgporoHS surfaces, 
particularly porous surfaces that are «>ntammatedwith weaponized spores. Reliance on 
such a method may permit weaponized spores to remain viable andTmdetected, leading 
to possible infection and death. 
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SUMMARY 

Provided herein ate methods of decontannnating articles that overcomes many of 
the problems of prior methods. The method is effective at killing weapomzed spores, 
for example when spores ere present on a porons ornon-pourons article or surface, for 
which prior approaches are often somewhat mef&ctive. 

In particular examples, the method includes enclosing the article in an 
environment, hurmdirying the environment to enhance the susceptibility of the spores to 
subsequent decontaminatiod-with a deccmtamination gas such as chlorine dioxide, 
reducing the pressure in the humidified er^iromnent to provide a deep vacuum, for 
example at least as low as IQQinches of water<055396 kg/cm 2 ), ar^ men introducing 
into the environment a concentration of decontarrdnation gas effective to decontHmmate 
the artideby killing substantially 100% of the spores. In some examples, the 
der»nt*nination gas is humidified, for example introduced into the environment with 
hvrmidirlcation. The disclosed methods are particularly effective at decontaminating 
porous articles because exposing the article to a deep vacuum has been found to permit 
effective penetration of the ^contamination gas into the porous structure of the object 
In some examples, for example when the environment to be decontaminated is a 
foomorbmlding, me method includes sealing the env Lrcnment,huimdUr^ngthe 
environment to enhance the Busceptibiliry of the spoms to subsequent decorrraminatiou 
with a decorrtamination gas such as chlorine dioxide and then irrrr«rr*ing into the 
environment a concenrmtirm of decemtammatiou gas effective to decontaminate the 
article by ldlling substantially 100% of the spores. In some examples, the 
decontamination gas is humidified, for example introduced into the envimnment with 
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bmmdfficstton. In examples where the environment to be tewmtancnnated is a room or 
building, the pressure can be ambient 

Also provided is an apparatus for decontaminating a porous article. The 
apparatus includes a selectively sealable decontamination chamber a decontamination 
5 chamber hnmdbfo, a source of chlorine dioxide gas in fluid communication with the 
decontarnination chamber, and a decontamination chamber vacuum generator. 

The foregoing and other features and advantages wQl become more apparent 
from the following detailed description of several embodiments. 

10 BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 is a schematic diagram of an exemplary apparatus for aeconuiiiunation of 
a porous article- 

FIG. 2 is aaahtario diagram of an exemplary chlorinedioxide senator for. 

use in the apparatus of FIG. 1 - 

FIG. 3 is a diagram of an exemplary rigid container for use as a selectively 
sealable decontamination chamber in the apparatus of FIG. 1. 

FIG. 4 is a diagram of an exemplary room that can provide the selectively 
sealable decontamination chamber of FIG. 1, except that the room wonldbe at ambient 
pressure during the decontamination. 

FIG. 5 is a graph showing the mrnober of organisms recovered after exposure to 
1,000 ppm CIQ2 following exposure to a deep vacuum 
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DETAILED DESCRIPTION 
Abbreviations and Terms 
Unless otherwise oqdM. all technical and scientific terms used herein have 
the samemeamng as commonly understood by one of ordinary skill in the art to which 
5 tbisdisclo^belongs. The singular terms V "an," and -the" include plural refers 
unless context clearly indicates otherwise. Similarly, the word "or" is intended to 
delude "and" unless the context clearly indicates otherwise. "Comprises" means 
"includes" Hen M "comr^AorB"me a n S includmgA,orB s orA a ndB. 
Although method, and material, similar or equivalent to those described herein can be 

are ascribed below. In addition, the materials, methods, and examples are inustratrve 
only andnot intended to be hunting. 



Abbreviations 



25 



atm 


atmosphere 


cc 


cubic centimeter 


cm 


centimeter 


CIO2 


chlorine dioxide 


in. 


inches 


Hg 


mercury 


kg 


kilogram 


lb 


pound 


robar 


rrflTHbar 


mL 


niMliter 


mm 


noillimeter 


pin 


micrometer 


mtorr 


rnilntorr 




nitrogen 


N/m 2 


Newtone per square meter 
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Pa pasoal 

PSI pounds per square inch 

WG water gauge 

5 Ambient: Conditioii of me environment, such as the temperature, humidity, or 

pressure present within a sealed environment, such as a sealed room or building. In 
particular examples, ambient temperature in a sealed environment is about 68°F to 
about 72°F, ambient humidity in a sealed environment is the humidity in me absence of 
a humidifier, and the ambient pressure in a sealed environment is the pressure in the 

10 absence of a vacuum. 

Autoclave: A device for heating substances above their boiling point, often 
used to manufacture chemicals or sterilize surgical instruments. In some examples, an • 
.autoclave is u*ed as a decoirtounation chamber for decontarmnating bioweapon- • 
contaminated articles. 

15 Bacillus: A genus of bacteria whose collective features include degradation of 

most substrates derived from plant and animal sources, including cellulose, starch, 
pectin, proteins, agar, hydrocarbons, and others; antibiotic production; nitrification; 
dedication; nitrogen fixation; facultative Uthorrophy; autotroph* acidopbily, 
■ alkaliphily; psycteopHly, thermopMly and parasitism. Spore forrnutior, universally 

20 foundmtta genus, is mou^^ 

wberemthebacteriapredominate. Aerial distribution of dormant spores likely explains 
the occurrence of Bacillus species in most habitats examined. 

There are more than 40 recognized species in the genus Bacillus (Sergey's 
Manual of Systematic Bacteriology Vol 2 (1986)). These include, but are not limited to, 

25 B pddacaUariv.B.dUU^ 

brevis, B. cereus, B. drcuhms, B. coaguhms, B.fasttdiosis, B.firmus, B. globisporu*. B. 
tecum, B. larvae, B. hterosporus, B. kntimorbus, B. kntus, B. lichenifomis, B. 
macerans. B. macquariensis, B. marine B. megatertum, B. mycoides, B. 
paxotkenticusji.pasteurii, B. polymyxa, B.popMia, B.pumlw, B. scHegdii, B. 
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sphaericus, B. ttearothermepMus, B. MU, and B. thuringtensis. In one specific, 
.on-lmritu^exan^e, a Bacillus is Bacillus ant^ds, the age* that causes Anthrax. 

Bacteria- Any of various prokaryotic onanisms, including organisms within 
various phyla in the KingdoxnProcaryotae. the term, enco^ass all microorganism, 
5 con^only regarded asbacteria, inctudmg Mycoplasma, Chlamydia, Actinomyces, 
St^tomyces, ^Rickettsia. Tta term also includes cocci, haciUi, spirochetes, 
spheroplas^pro^andso forth. Spor^forming or spotting bacteria axe 
bacterial am capable of forming spores (em**, usually «~elled 
bo diesthat arehigblyreaistantto desiccation a^heetarui ate c^abk of gm^ mm a 
10 newoxgarrism). Spo^forrmng bacteria inclnde, but are not limited to members of the 
gennzBatillus, Clostridium, Deiulfototnaculans, SporolactobaciUus, and 

Sporpsarcina. •'" • ! . 

Biological weapouorbioweapon: : Any ofvarionabact a ria 1 vin J5 e Sl andtoxms 

that is or can he dispersed deliberate to cause disease or death tn humans, animals, or 
15 plants.orothermological^pm.rns. Examples of biological weapons include Bacillus 
antkraas that causes anthrax, Yersinia pes*, that causes plague, and For/o/^r that 
causes smallpox. Biological weapons also include hiotoxins, which any of vanous 
poisonspmducedby certain biological organisms, snch as hotulmumtoxm, produced by 
the bacterium Clostridium botullnum, and ricin, rrom castor oil seeds. Asporulated 
20 bioweapo» is a bioweapon that includes spores, for example bacterial spores. 

Chlorine dioxide (QO,): A gas that is an extremely effective disinfectant, 
wm0 hr^i61y mactivatespathogens such as bacteria, viruses, and parasite*. Chlorme 
dioxide gas molecules can kill aerosolized, airborne pathogens, and also can diffuse 
through crack* and crevices in an article or a building or room and reach any surface 
25 thatmighthavebeenreachedbyapamogen. Chlorine dioxide gas b^ a gre^ahyenow 
color wim a distill CMoriue dioxide is mghly 

soluble m water but, unlike chlorine, chlorine dioxide does not react with water. It 
exists in aqueous solution as a dissolved gas. 
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A source of chlorine dioxide is any device that stores, releases, or produces 
chlorine dioxide. Onetypeof acUoiinedioxideso^eisacWorinedloride 
generator. A chlorine dioxide generator is a device for producing chlorine dioxide gas, 
for example, a device that generates chlorine dioxide gas a* needed. One such'clto 
dioxide generator is the Saf-T-Chlor™ chlorine dioxide generator (CDG, Bethlehem, 
PA) which use, the reaction between dilute cMorin e gas and thermally stable solid 
sodium chlorite to generate chlorine dioxide gas on demand, This reaction product 
chlorine dioxide gas (in nitrogen), fiee of chlorite ion, chlorate ion or molecular 
chlorine. 

Decontamination, To substantia^ mactivate or remove minted pathogen* 
or pathogenic spores, for example by killing substantially 100% of pathogens present 

Decontamination gas: A gas effective to till or otherwise substantially 
•ehtninato the pathogenicity of apathogen, such as a spomlated pathoge* AM*. » ■ 
Bacillus anthra* spores. In a particular example, it is a gas thBl canlkdl or 
substantially eliminate the pathogenicity of weaponized spores. Examples of such 
decontamination gases include Xylene oxide, formaldehyde, steam, and chlprme 

dioxide. _ , 

Decontamination chamber: An enclosed space for decontarmnatrng articles 

that are actually contaminated or suspected to be corriammated with spores. 
Decomamination chambers generally are capable of withstanding low atmosphenc 
p^^forexampleapressureof atleastaslowas 100 (0.25396 kg/cm*), 50 
(0.126981^, oreven29 inches ofwater^^Sikg/cm^ A decontammaUon 
chamber generally is also subEtanbaUy gas-impermeable enviiontnent 
^mamination chambers include, but are not limited to sealed, rigid contamers, 
25 autoclaves, hypobariccbflmbeis. 

^Unot^rftoto^"**^.^^ 
or efflnx of gas. 
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modification: The process of increasing the relative humidity, for example, 
by a humidifier. Examples of humidifier, include, but are not limited to evaporative 
humidifiers, steam humidifiers, and ultrasonic humidifiers. Humidity can be measured 
by a device known as a hygrometer. 
5 * Humidity: Ameasure of meamount of moisture present in a gas.. Generally, 
the degree of humidity is expressed as relative humidity, or the ratio of the amount of 
wa^ vapor m a gas at a specific terr^erature to the maximum amount mat the gas could 
holdat that temperature, expressed as a percentage. A completely saturated gas ib said 
tube at ^miativehumidity, and partial saturation is designated by smaller 
10 percentages, for example, 95%, 85%, 75%. 50%, or even less relative humidity. 

Hypobaric chamber: A chamber in which the pressure is below atmospheric 
pressure, such as below 1 atmosphere. In some examples, ahypobaric chamber is used 
as a decontamination chamber, fbr*xample for decontaminating a porous article. 

Porous: Havmgpores; exacts; or crevices. A porous article admits the passage 
15 of gas or liquidinto or through pores or interstices. In general, a porous article is more 
difficult to effectively deccmtairmiate man a non-porous article. A porous article 
includes, but is not limited to a cellulose, nitrocellulose, glass, polyester, nylon, and 
polyemylsulphone article. One specific, non-limiting example of a porous material u 
paper. Non-porous materials include, but are not limited to metal, glass, non-porous 

20 ceramics, and plastic, 

pressure: A measure of force/area. Atmospheric pressure is pressure caused 
by the weight of me atmospnero. At sea levelithasamean value of one atmosphere but 
reduces wimir^easing altitude, Atmospheric pressure can be measured in a variety of 
different units, for example: one atmosphere is equivalent to 1.01293 ta* 1.01295 x 
25 10 6 dynes/cm, 29.9213 inches of mercury, 406.86 inches of water, 1.03325 kg/cm , 

1012i>5mb*,7.6xloW,7.6xl0W^ L01296 
x 10 s N/m 2 14 696 PSI, 14.696 lb/in 2 , 760 ton, or 760 mm mercury. 

In one example, pressure is created in an environment with a vacuum generator. 
M particular examples, the pressure is at least as low as 100, 80, 60, 50, 40, 30, or even 
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29 inches of water. For comparison, a pressure of 100 inches of water is equivalent to 
about 0.2458 atmospheres, or about 0.25396 kgW. A pressure of 80 inches of water 
is equivalent* about 0.19664 atmospheres, or about 0,203168 kg/cm 2 . Apressure of 
60 inches of water is equivalent to about 0.14748 atmospheres, or about 0.152367 
5 leg/cm 2 . Apr™ of 50 inches of wnter is equivalent to about 0.1229 atmospheres, or 
about 0.12698 kg/cm 2 . Apressure of 40 inches of water is equivalent to about 0.09832 
atmospheres, or about 0.101584 kg/cm 2 . Apressure of 100 inches of water is equivalent 
to about 0.07374 atmospheres, or about 0.076188 kg/cm 2 . And, a pressure of 29 mches 
of water is equivalent to about 0.071282 atmospheres, or about 0.0736484 kg/cm*. 
0 Rigid container: A container that is capable of withstanding a vacuum 

pressure, for example a vacuum pressure of 100 (0.25396 kg/cm 2 ), 50 (0.12698 kg/err?), 
or even29 inches of water (0.0736484 kg/cm 2 ). 

.Rotoir^en'Ad^ceforrn^^ m smne esaroptes, * 

rotor*** is a tapered, vertical tube having a circular cross section in which a float • , 
15 movesmaverticalpathtoa^ 

Seal: A substantially gas-imrwrmeable closure. A sealed environment, sealed 
room, or sealed building is one in which substantially all 1^ have been blocked (fox 
example, using plastic or other sheeting, tape, or caulking) to form an onvnwnent that 
is substantially gas-impermeable, A sealed environment (such as a Bealed article, Bea ^ 
20 room, or sealed building) can include one or more ports that permit agents to be moved 

in and out of the sealed area. 

Spore: A small, usually single-celled productive body that is highly resistant 
to desiccation and heat and is capable of growing into anew organism, produced 
especially bycertainbacteria, fungi, algae, and non-flowering plants. Spores have 
25 proventebethen^dwabl^^ 

of dormancy, they can remain viable frr extremely long periods of time, perhaps 
nnlhons of years. Spores do not form normaUy during active growth andceUdivnuor, 
Rather their difManon begins when a population of vegetative cells passes out of 
theexponentialphase of growth, usually as a result of nutrient depletion. Typically, one 
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spore is formed per ve^ve cell. In some examples, the mature spore is derated by 
lysis of the mother cell (sporangium) in which it was formed. 

Mature spores have no detectable metabolism, a state that is described as 
cryptobiotic. They are highly resistant to environmental stresses such as high 
5 tempmtursCsomeendo^^ 

irradiation, strong acids, disinfectants, etc. Although cryptobiotic, they retain viability 
indefinitely such that under appropriate environmental conditions, they germinate mto 
vegetative cells. 

Vacuum: An environment that has a reduced atmospheric pressure. A vacuum 
1 0 generator is a device that creates a reduced atmospheric pressure, for example in a 

decontamination chamber. 

Viable: Capable of hving, developing, or genninating under favorable 
conditions. For example, a viable sporeis eapable of developing under favorable 

conditions. '"' "' 

15 Weaponized: Enhancement of a bioweapon, for example by creating a finely 

dispersed, highly concentrated, easily aerosolized, and sterihzati^ or deconuumnation- 
resistent spore. Weaponization decree a pathogen's (such as a spore's) suscept&ility 
to decontamination. 

Method for Decontamination 
Disclosed herein are methods for decontarmnating porous and non-porous 
articles ox objects that are actually or potentially contaminated with spores. Unlike 
many conventional methods of decortamination, which often are ineffective at killing 
weaponized spores, such as weaponized spores on porous objects, ^particular 
25 examples the present method includes humidification prior to the application of a deep 
vacuum, which is followed by the application of chlorine dioxide gas (which » m some 
examples cor^urrmt wimhurmdification). The hunndification step enhances the 
susceptibility of spores (such as weaponized spores) to subsequent decontamination 
withchlorinedioxide. Application of the deep vacuum men allows the chlorine dmxule 
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ps to penetrate fhe porous article more effectively. These factors act in concert to 
ensure ft* the article is fully decontaminated, even when the article is porous and the 

spores are weaponiaed. 

The method includes enclosing the article in an enviionment, hramdifying the 

5 environment* enfcmcefo^ 

with a tecordainination gas (such as chlorine dioxide), reducing the pressure in the 
humidified environment, for example to a vacuum pressure such as at least as low as 
100 inches of water (0.25396 Kg/cm 2 ) to enhance penetration of the decontamination gas 
too the article, and then introducing into the environment a concentration of the 

10 oWrtaminationgasefec^ 
of the spores. 

Themefcodcanbecarriedoutiisi^^ ■ 
chambers a. decontamination chamber, for example a container that can withstand- 
'.pressures below atmospheric pressure, such as below 1 atmosphere, fox example below 
15 02458 atmosphere, without confusing the structural integrity of the chamber. 
Particular examples of decontamination chambers include, but are not limited to: rigid 
corrfaineis, such as an autoclave or a hypobaric chamber. The vacuum pressure applied 
to thehirmidified environment can be adjusted to smt the r^rticular needs of a 
decor^mination project For example, in certain example,, the pressure in the 
20 hurmdifiedenv^nment is reduced to a pressure evenlower than 100 inches of water 
(0.25396 kg/cm 2 ), for example at least as low as 50 inches of water (0,12698 kg/cm 2 ), or 
at least as low as 29 inches of water (0.0736484 kg/cm 2 ). 

In examples where fhe decontamination chamber is a room or building, the same 
methods are used, except that no deep vacuum is applied. Instead, the room or bunding 
25 is at apressure that does not premise the structural integrity of the room or bmldmg. 
The mom or building can be under a vacuum, as long as the resulting pressure does not 
c.mpmnnse the structural integrity of the mom or building, for example does not cause- 
implosion of the mom orbuilding. fa particular examples, the mom or brddmgtfat 
ambieut pressure, such as atmospheric pressure. The method can include sealing the 
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room or building to form a sealed envimnmaLt, and can further include reinforcing one 

or mote windows or other openings. 

The method also mcludrahinrndifyingthe environment to enhance the 
susoeptibiUty of the spores to subsequent o^ontardnation vrifh a decoration gas, 
such as chlorine dioxide. In some embodiments, huxnidirymg the environment include, 
toa^therc^ ^particular 
examples, the relative bnmidity of the environment is increased to at least 90% for a 
denned period of time, for example at least one hour or at least three hours. 

The concentration of the decontamination gas (such as chlorine dioxide) also can 
be varied to suit the needs of a particukr decontamination project For example, in 
some embodiments the concentration of gaseous chlorine dioxide is at least 1000 parts 
per million, for example at least 25Q0 parte per millior, m some examples, the 
decontamination gas exposure time-is-adjusted; for instance, in some examples, the 
arfde is exposed toadecotf^ 
15 or for at least six hours. In particular examples, the decorrtarrrhation gas is provided 
wimhurnidification, such asconcurreruhurmdificationof at least 7(M hurmdhy, such 
as at least 80% Iruraidity, or even at least 90% hmnidity. 

The method can be used to decontairdnate various types of articles that are 
act^yorpoter^y^ntarmnatedwim For example, in 

particular examples, the spore is a flactife anthracis spore. In even more particular 
examples, the spore is a weapomzed spore, m some examples, the article is paper. 

w some examples, the environment is a decontamination chamber, hurmdifving 
the environment includes increasing fne relative humidity of the environment to at least 
90% for at least one hour, the pressure in the humidified environment is reduced to at 
25 least as low as 29 inches of water (0.0736484 kg/cm 2 ), the concentration of the 
deccuitammation gas (such as gaseous chlorine dioxide) is at least 1 000 parts per 
nuUion, and the article is exposedto the gaseous chlorine dioxide for at least one hour. 
In reticular examples, the chlorine dioxide is delivered with at least 90% 
humidification. 
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fc otHer examples, the envkemment is a room or building, and enclosing to 
article in an airtight environment involves seating to room or building, humidifying to 
envkonment involves increasing to relative humidity of to environment to at least 
90% for atleast onehour, to concentration of gaseous chlorine dioxide is at least 1000 
5 parte per million, and to article is exposed to to gaseous chlorine dioxide for at least 
one hour. Ia particular examples, to chlorine dioxide is delivered with at least 90% 
hurmdiflcation. 

fa one particular example, to method is a method of decontaininating a porous 
article, andtometod includes enclosing to article in a decontamination chamber, 

10 tawu^tarfaflwtan^ 

reducing to pressure in to humidified decontamination chamber to at least as low as 
150 inches of water (0.J2698 kg/cm 2 ), and ton introducing into to decontamination. 
Chamber atleast.1000 parts per-mfflion of to decontamination gas, thus 
decollating to articleby killing substantially 100% of to spores.. In particular 

i5 . exarnples.todecontamto 

In another particular example, to method is a method of decontaminating a 
porous article, and to method includes enclosing to article in a sealed room or 
building, increasing to relative humidity in to S ^edmomorbuUdmgtoatleast95%, 
and ton introducing into to room or building at least 1000 parte per million of to 

20 decontamination gas, forexample with concurrent at least 95% hurnidification, thus 
dewmtammating to article by kilting substantially 100% of to spores. 

Apparatus 

Also disclosed herein is an apparatus for decontaminating a porous article. The 
25 apparatus includes a selectively sellable decatenation chamber, a d^tarrdnation 
chamber rmmidifier, a source of deoontarmnation gas (such as chlorine dioxide) m flmd 
communication with to decontamination chamber, and in some examples a 
decontamination chamber vacuum generator. In some embodiments, to apparatus also 
includes a fiist fluid flow path for trar^exring humidified gas from to decontarninatm 
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chamber humidifier to the selectively sealable decontamriation chamber, aseoondfluid 
now path for transferring decontamination gas from the source of the gas to the 
selectively seakble deoorfamination chamber, and in some examples a third fluid flow 
path for evacuating the selectively sealable decontamination chamber via the 
decollation chamber vacuum generator. In some embodiments, the apparatus also 
includes a flow regulator in the first fluid flow path, or a rotameter in the first fluid flow 
path. 

The apparatus can also include a nitrogen source and a fourth fluid flow path for 
transferring nitrogen gas to the decontamination chamber humidifier. Insome 
examples, me apparatus also includes a fill valve or a flow regulator in the fourth flind 
flaw path, m particular examples, the apparatus also includes a flow regulator in the 
third fluid flowpath, and in other examples the apparatus also includes a ventilation 
valve in the second fluid flow,pafb, ; 

When the decontamination gas is chlorine .dioxide, me chlorine dioxide source 
can be any source of chlorine dioxide known in the art. For example, in some 
embodiments, the chlorine dioxide source is a chlorine dioxide generator. Inpaitumlar 
examples, the chlorine dioxide generator is a Saf-T-Chlor™ chlorine dioxide generator. 

m some embodiments, the selectively sealable decontannnation chamber is a 
rigid container. In particular examples, the apparatus also includes a heat source for 
20 providing heat to the selectively sealable Contamination chamber. Some 

ernbodiments of the apparatus also include a hygrometer for regulating humidity in the 
selectively sealable decontamination chamber. 

In particular examples of the apparatus, the rigid container includes a heat 
source, a thermostat for regulating the heat source, and a hygrometer for regulating 
25 humidity in the selectively sealable decontamination chamber. 

The dec^tamination chamber can be any rigid, substantially gas-impermeable 
chamber, for example an autoclave or a hypobaric chamber that can withstand a vacuum 
pressure of at least as low as 100 inches of water (0.25396 kg/cm 2 ), at least as low as 50 
inches of water (0.12698 kg/cm 2 ), or at least as low as 29 inches of water (0.0736484 



IS 



PAGE 21160 ' RCVD AT 211612(108 4:23:28 PM [Eastern Standard Time] * SVMSPTOffXMI ' DNIS:2738300 * CSID:202 293 6229 * DURATION (mm-ss):1M8 



FEB. 16. 2006 4:42PM 



CBL&H 202 293 6229 



NO. 1514 P. 22 



PCTAJS2005/000766 
WO 2005/123145 r 



-15- 

kg/cm 3 ). Ill other examples, the decontamination chamber is a sealed room or a sealed 
building under apressure that does not compromise the structural integrity of the room 
or building- The apparatus can also include a heat source fox providing teat to me 
decontamination chamber, or a hygrometer for regulatmg humidity in the selectively 
5 scalable decontamination chamber. 

Description of Several Specific Embodiments 

Decontamination of porous articles/objects 

Disclosed herein are methods for decontaminating porous and non-porous 
10 articles or objects. Many known memods of biowearxm^ for instance 

exposure to chlorine dioxide, ethylene oxide, formaldehyde, or steam, are effective at 
sdecontammating non-porous articles, for example non-porous glass, porcelain, and 

. ■ metaMowever.ter^ ' 
.. generating mrmeroua anmrax^ntarninated parcels and envelopes, as well as mail-.. 
15 handling equipment, furniture, office supplies, and the like. Conventional 

decontamination techniques are ineffective at decontarrrinating such porous articles 
because the sterilant fails to penetrate deeply enough into the pores of the articles to 
fully inactivate all contarniaating spores. 

By contrast, the methods disclosed herein can include subjecting toe 
20 contarninated article (such as a porous article) to a deep vacuum prior to exposure to the 
sterilant gas. This permits the gas to penetrate the article more fully, exposing the 
spores contained in inner pockets and pores to the gas, which creates a greater mass 
transfer of gas and results in a thorough decontamination of the article. The deep 
vacuum is equivalent to a pressure of at least as low as 100, 80, 60, 50, 40, 30, or even 
25 29 inches of water. For comparison, a pressure of 1 00 inches of water is equivalent to 
obont 0.2458 atmospheres, or about 0.25396 kg/cm 2 . A pressure of 80 inches of water 
is equivalent to about 0.19664 atmospheres, or about 0503168 kg/cm* A pressure of 
60 inches of water is equivalent to about 0. 14748 atmospheres, or about 0.152367 
kg/cm 2 . A pressure of 50 inches of water is equivalent to about 0.1229 atmospheres, or 
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about 0. 12698 kg/cm 1 . A pressure of 40 inches of water is equivalent to about 0.09832 
atmospheres, or about 0.1O1584 kgW. A pressure of 100 inches of water is equivalent 
to about 0.07374 atmospheres, or about 0.0761 88 W. and a pressure of 29 mches of 
water is equivalent to about 0.071282 atmospheres, or about 0.0736484 kg/cm 2 . 

5 The pressure employed in a particular situation canbe tailored to suit any of a 

variety offers, for example, the type of decorJaminatkm chamber, room, or building 
to be decontaminated, the porosity of the article or articles to be contaminated, the 
concentration of chlorine dioxide gas used, the amount codification desired, the 
cornanunarmg pathogen present (or thought to be present), or the length of time the 

10 article is exposed to the sterilant gas. 

Decontamination of weaponized spores 

.. Conventional decontainination techniques, while effective at.inactivating many 
types ofbacterial spores, often are ineffective at Among 
other modifications, weaponized spores are usually desiccated, which makes them 
parucularlyieslstant to chemical sterilizing agents. Thus, articles contaminated with 
desiccated spores often require decontammation with substantially more rigorous 
sterilization conditions (for instance, a higher sterilant concentration or longer exposure 
time) than do non-desiccated spores. 

lbs methods disclosed herein overcome this problem by including a 
hurmdlfication step that enhances the susceptibility of desiccated spores to motivation 
with decortormnating gas, such as chlorine dioxide. For example, by enhancing the 
susceptibihty of the spores to the chlorine dioxide sterilant, a lower concentration of 
chlorine dioxide may be used, or the leagm of exposure to the chlorine dioxide may be 
shortened. Hv^dificationof the srx>ra 

article to b e decontaminated in an atmosphere of controlled humidity prior to or 
concurrent with exposing the article to the chlorine dioxide gas. Geaeially, the degree 
of humidity is expressed as relative hurnidrty, or the ratio of the amount of water vapor 
in a gas at a specific temperature to the maximum amount that the gas could hold at that 
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temperate expressed as a pemerrtage. A completely saturated gas is said to be at 
100% relative humidity, and partial saturation is designated by smaller percentages, for 
example, 95% or even less relative humidity. 

In some examples, the humidification step is carried out at ,a relative humidity of 

relative humidity, m some embodiments, the article is exposed to the elevated rnrmidity 
for at least 15 minutes, at least 30 rrrinutes, or at least 1, at least 2, at least 3. at least 5, at 
least 10 oratleast20hours. The relative humidity chosen and the duration of exposure 
to the relative humidity can be optimized to suit a particular decotfarmnation project, 
ad ca n vary depending on, for example, the type of decontarnination chamber, room, or 
ouuding to he decontaminated, the porosity of the article or articles to be coniarnrnated, 
the conurbation of decontarr^anng- gas used, the pathogen (such as a spore) ***** or 

toughttebepres^ * ' 

certain, exampl^the humidity in the decontarnination chamber » raised to a relahve 

M^ofatlea^^^ 
greater, during exposure of the article to the sterilant gas. 

In some examples, the humidification step is carried out at room temperature 
(such as 65 °F -74 T, tor example 68°F - 72"F, such as 68°F, 69V. 70V, 71°F, or 72°F), 
although low or higher temperatures c an be employed if desired or necessary. In some 
20 examples, the huroidincauon step is carried out at an elevated temperature, for example 
at leastTST.at least 85T,at least 95T s orhigher.Almoughtto 
geaendlyis carried out using humidified air, other humid gases, such as hurnuhfied 
nitrogen gas, can be used. The humidification step can be performed before 
introduction of the decontanunating gas, during introduction of the c^ntamxnatmg 
25 gas, following introduction of the decontmru^ting gas, or combinations thereof. 



PAGE 24/60 * RCVD AT 2116/2008 4:23:28 PM [Eastern Standard Time] 1 SVR:USPTO€FXRF-6(31 1 DMS:2738300 1 CSID:202 293 6229 1 DURATION (mriKS):1M8 



FEB. 16. 2006 4:43PM CBL&H 202 293 6229 



WO 2005/123145 



NO. 1514 P. 25 

PCT/US2005/000766 



•18- 



In certain examples, the decontaimnatiou chamber is a rigid container, for 
sample as showninHG. 3. Such ^embodiment is particularly suited to 
decontaminating small articles, such as mail envelopes or parcels, m such an 
embodiment, a svmably-eized article, for example apiece of mail or a parcel, is placed 
5 mtherigid container, and the corrtamet is sealed prior to exposing me article to chlorme 
dioxide gas. 

m other examples, the decontamination chamber is an autoclave or hypobanc 
chamber. Such an embodiment is particularly s^ted to the decontamination of medium 
or large^ized articles. In one particular, ^limiting example, m autoclave or 
10 hypobaric chamber is csedforthede^tammationof mail, either as individual pieces 
or as multiple items in larger containers, such as in trays, basket*, or bin*. In some 
embodiments,^ trays, baskets, or bins are placed onto wheeledracks, or transported 
•by automatedmeans or fork lifts, or transported by any omerxnethod of holding and 
transporting batches of mail, and the carts or forklif* are wheeled into the autoclave ox 
i5 hypobaric chamber. The autoclave or hypobaric chamber is fhensealed prior to 
exposing the article(s) to chlorine dioxide gas. 

Tie decorrfcurnnation chamber can also be aroom or a building (see FIG. 4), &r 
example a room or building contaminated or thought to be contaminated with a 
weapomzed spore. Tnis ernbodim^t is particularly u.eful for d^ontarnir^ing rooms 
20 or buildings c^utaminated with weapomzed spores, for example when such rooms or 
buildings contain porous articles, for example paper. 

m particular examples, the mom oi building is sealed to form a sealed 
envkonment Sealingthe room or building prevents the escape of the decontannnaling 
g*, (such as chlorine dioxide) to the atmosphere. Sealing me mom or bmldmg can 
25 include, b* is not lim^^ 

sealing crack, with expanding foam or silicone caulking, and sealing skylights, losding 
docks, a^buddmgoper^Bwithpoly-sheetmgar^&n In even more particular 
examples, one or mom windo ws in the room or building are mmforced prior to 
decontamination. 
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Chlorine dkodde 

The particular ^contamination gas used in certain examples is chlorine dioxide, 
ardativdysmsU.vo^andbigmyenergeticmolecule. Chlorine dioxide gas is 
5 ^^leatbigheoncentrations; generally, it is generated at the point of use. 

Chlorine dioxide is an extremely effective disinfectant, which rapidly inactivates 
bacteria, viruses, and parasites such as Giatdia and Crypto^ridiunL Because chlorine 
dioxide oxidizes but does not chlorinate, chlorinated organic by-products (for example, 
trinalomethanes, haloacetic acids, toxins, and forans) typically are not produced. 
10 Neither does chlorine dioxide produce appreciable amounts of aldehydes, ketones, 

ketoacids, or other problematic compounds associated with oxidation of organic matter 

by other, less selective means. ■; ■ 

In additi^under^ecorrectieaclion conditions (such as delivery into an • 
' environment of at least 30% humidity, or delivery with at least 70% humidi&ation), 
15 chlorine dioxide inactivates bacterial spores, for example*^ anthracis spores. 
High-purity chlorine dioxide gas is an excellent gas-phase decontaminating agent, 
because chlorine dioxide gas molecules can kill aerosolized, airborne pathogens, and 
also can diffuse through cracks and crevices in an article or a room or building and 
reach any surface that might have been cached by the target pathogen. 
20 Chlorine dioxide gas canbeprepared by any of the methods kmmnin the art 

One such method involves passing a stream of air-diluted chlorine gas or nitrogen- 
diluted chlorine gas at a metered rate through a column of finely divided sodium 
chlorite, and into a partially evacuated chamber. This procedure* described more fully 
in Grubitsch et aL, Monatsh, 93:246 (1962). 
25 Another method of preparing chlorine dioxide gas is the reaction of sodium 

chloritesolutionsmmepxesenceofacids. In one embodiment, a dilute solution of 
aqueous potassium persulfate is treated .rim a dilute solution of aqueous sodium" 
chlorite at ambient temperatures (20-30°Q in a closed reaction vessel. This method is 
discussed more fully in Rosenblatt et al., J. Org. Chem, 28:2790 (1963). 
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Chlorine dioxide gas can also be delivered via a chlorine dioxide source, which 
can be any device that stores, releases, or produces chlorine dioxide. One type of a 
cMorme dioxide soume is a cMori^^ A chlorine dioxide generator is 

a device for producing chlorine dioxide gas, for example, a device lhat generates 
chloimedioxidegasasneeded. One such chlorine dioxide generator is the CDG Saf-T- 
Chlor™ chlorine dioxide generator (CDG, Bethlehem, PA), which uses the reaction 
between dilute chlorine gas and thermally stable solid sodium chlorite to generate 
chlorine dioxide gas on demand: 

Ck (gas) H-NaQOz (solid) -» 2CIQ2 (gas) +NaCl (solid) 



This reaction produces chlorine dioxide gas (in nitrogen),.^ of.cblorite ion, chlorate . 

ion or molecular chlorine. 

CDG Gafr.Solid chlorine dioxide generators. are available^ leasttwo sizes: 
bench-scale generators for smaller scale applications and plant-scale generators, which 
are useful for providing chlorine dioxide in amounts sufficient to decontaminate large 
areas, or for the routine decontamination of large volumes of mail. 

In some embodiments, the chlorine dioxide gas is delivered to the 
decontamination chamber in the form of a gaseous mixture of chlorine dioxide, an inert 
20' carrier gas, and moisture in the form of humidity. One specific, non-limiting example 
of an inert carrier gas is nitrogen gas. In some embodiments, the chlmrne dioxide gas is 
delivered to the decontamination chamber in the form of a gaseous mixture of chlorine 
dioxide and air, such as air that is at least 70%, or even at le^t 90% humidity. 
The concentration of chlorine dioxide can be varied to suit the needs of a 
25 particular decontarrMonFoject. msomeexamples.the concentration of gaseous 
chlorine dioxide is at least 1,000 parts per million, such as at least 1,500, at least 2,000, 
at least 2,500, at least 3,000, or at least 3,500 parts per mulion. In some embodiments, 
the chlorine dioxide exposure time is adjusted. For instance, in some examples, the 
article is exposed to the gaseous chlorine dioxide for at least one hour, for at least three 
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hours, or for at least six hours. The particular concentration of chlorine dioxide in the 
carrier gas selected for use is a function of several factors, including the inherent ability 
of the particular spores to resist decontamination by chlorine dioxide, the duration of 
exposure to the chlorine dioxide gas, the degree to which the spores are desiccated, the 
5 humidity to which the article has been exposed during the humidification step, the 
duration of the huxnidificaticm step, and the relative humidity of the chlorine 
dioxide/carrier gas. 



Apparatus for decontamination qf porous articles 

10 Also disclosed herein is an apparatus for decontaminating porous articles. One 

embodiment of the apparatus 10 is shown in FIG, 1 . Apparatus 10 includes a nitrogen 
source 12 in fluid communication .with adecontanuoation chamber humidifier 14 and a 
first fluid flow path 16,fo£ tiaiisferring nitrogen gas to decontamination chamber 
humidifier.14. Futf .fllrioiflow path 16 includes a fill valve 18, which permits the 

15 . addition of gas or liquid to first fluid flowpath 16, and a flow regulator 20, which 
regulates flow of the nitrogen gas to contamination chamber humidifier 14. 

Decontamination chamber humidifier 14 is in fluid communication with a 
rotameter 22 via a second fluid flow path 24. Rotameter 22 is in fluid communication 
with one inlet of a T junction;*^ Third fluid flow path 28 

20 includes a flow regulator 30, which regulates flow of the humidified nitrogen gas to T 
junction 26. 

Apparatus 10 also includes a source of chtorinfidioxi(ie gas 32, which is mfhiid 
communication with the second inlet of T junction 26 via fourth fluid flow path 34- The 
outlet of T junction 26 is in fluid connrrumcation with a selectively sealable 
25 contamination chamber 36 via a fifth fluid flow path 38. Fifth fluid flow pafh 38 
includes a flow regulator 40, which regulates flow of a mixture of chlorine dioxide gas 
and nitrogen gas from T junction 26 to selectively scalable d^ontamination chamber 
36, and a ventilation valve 42, which permits the influx or efflux of gas from fifth fluid 
flowpam38. 
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Selectivdy sealable fcccntammation chamber 36 accommodates one or more 
articles for deconlairnnanon, and includes a lid 44 that can be opened or closed as 
tod. When closed, lid 44 forms a gas-tight closure. Selectively sealable 
decontamination chamber 44 J. in fluid communication with a vacuum generator 46 via 
5 a3 ixmfluidflowpath48. Sixth fluid flow path 48 includes a flow regulator SO, which 
regulate* flow of exhaust gas from sdectively sealable decontamination chamber 36 to 

vacuum generator 46. 

In operation, an article in need of dec^tamination is enclosed in selectively 

sealable deoontaimnation chamber 36. lid 44 is then sealed to form a gas-impermeable 

10 se^andhurmdific^ono^ 

.nitrogen source 12 flows through first fluid path 1 6 to decontamination chamber 
. . . innnidifier 14, where the nitrogen gas ishumidified. How regulator 20 regulates the , 
.pressure of the nitrogen gas in first fluid flow path 16.. 

Humidified nitrogen gas flows from oeccntammation chamber humidifier 14 to 
15 rotameter 22 through second fluid flow path 24. Hurmdified nitrogen, gas then flows 
from rotameter 22 through third fluid flow path 28 to the first inlet of T junction 26, out 
Ore outlet of T junction 26, and through fifth fluid flow path 38 to selectively sealable 
o^ontammation chamber 36. The article is incubated in the humidified nitrogen gas for 
apredeterrrnnedtime. lhe relative humidity of the humidified nitrogen gas and the 
20 duration of incubation are determined based on the particular characteristics of the 
article being decontaminated, incruding,butnot limited to, the porosity of the article, 
the inherent ability of potential or actual cor^ammating spores to resist decemtanrination 
by chlorine dioxide, the concentration of chlorine dioxide gas to be used, the degree to 
which potential or actual coniarrnnating spores are desiccated, and the relative humidity 
25 of the chlorine dioxide/nitrogen gas inixtare to be used. 

After incubation, the humidified nitrogen gas is exhausted from selectively 
sealable d«ontarnmattan chamber 36 by vacuum generator 46 through sixth fluid flow 
path48. Vacuumger^ator46contmu^^ 

decontanrination chamber 36 until a desired vacuum pressure is achieved in selectively 
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seakbla decmitarrnnation chamber 36, for example a vacuum pressure equivalent to at 
least as low as 100, 50, or 29 inches of water. 

Followingthehunridificationstep, adecontamijiHtioiiBtepbegiiis. Nitrogen gas 
from nitrogen source 12 flows through first fhrid path 16 to decontamination chamb ex 
5 humidifier 14, where me nitrogen gas is humidified. Humidified nitrogen gas flows 
from decontamination chamber humidifier 14 to rotameter 22 through second fluid flow 
path 24. Humidified nitrogen gas then flows from rotameter 22 through third fluid flow 
path 28 to the first inlet of T junction 26. Chlorine dioxide gas from source 32 passes 
from source of chlorine dioxide gas 32 through fourth fluid flow path 34 to the second 
10 inlet ofTjunction 26. The chlorine dioxide gas combines with the humidified nitrogen 
gas in T junction 26 to form a chlorine dioxide/nitrogen gas mixture with a desired 
chlorine dioxide concentration, for instance 1,000 ppm or 2,500 ppm chlorine dioxide 
gaatohumidifiedmtrogfcngas.^^ 

carrier gas selected tar uSe is a function of several factors, including, but not limited to, 

15 meporosityoftheaxtm^ 

decontainmation by chlorine dioxide, the duration of exposure to the chlorine dioxide 
gas, the degree to 'which the spores are desiccated, the humidity to which the article has 
been exposed during Ihe bmmdification step, the duration of the humidification step, 
and the relative humidity of the chlorine dioxme/ntaogen gas mixture. 

20 The chlorine dioxide/nitrogen gas rnixture then flows from the outlet of T 

junction 26 into selectively sealable decontamination chamber 36 via fifth fluid flow 
path 38. The article is incubated in the chlorine dioxide/nitrogen gas mixture for a 
predeterrnmed time, which is chosen based on a number of factors, including, but not 
Irrmted to, the porosity of the article, the inherent ability of the particular spores to resist 

25 dceimiaDimato^ , 
degree to which the spores are desiccated, the humidity to which the article has been 
exposed during the himtidificafion step, andfhe relative humidity of the chlorine 
dioxide/nitrogen gas mixture. 
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After the appropriate incubation period, the chlorine dioxide/nitrogen gas 
is then evacuated fiom selectively sealable decontou^tion chamber 36 by 
decontammaiion chamber vacuum generator 46 via sixth fluid flow path 48. How 
regulator 50 regulates the pressure of to chlorine dioxideMtrogen gas mixture in axth 
5 fluid flow path 48. 

Chlorine dioxide generator 

la some embodiments, source of chlorine dioxide gas 32 is a CDG Saf-T- 
Chlor- chlorine dioxide gas generator 50, as shown in FIG. 2. CDG chlorine dioxide 
10 generator 50 includes a chloric gas source 52 in fluid cormnumcation » fir* ml* 
of first T junction 54 via first fluid flowpath 56. First fluid flowpath56 includes a 
,pressureregulator 58 and an on/off valve 60. 

, CDG chlorine dioxide generator 50 also includes a nitrogerttank 6£,in.iluid 
.. coimmmication with a second inlet of fn^T junction 54 via second fluid flow path 64. 
15 " Second fluid flow path 64 includes a pressure regulator 66 and an on/off valve 68 . 

The outlet of first T junction 54 is in fluid oramumcatioii with a first inlet of 
second T junction 70 via tod fluid flow path 72. AsecondimetofTjunction70ism 
fMd corrununication with a pressure gauge 74 via fourth fluid flowpath 76. The outlet 
of second T junction 70 is in fluid commumcHtion with a sodium chlorite cartridge 80 
20 via a fifth fluid flow path 82. Fifth fluid flowpath 82 includes a flowmeter 84 and a 
' control valve 86. Chlorine dioxide gas from sodium chlorite cartridge 80 leaves CDG 
chlorine dioxide generator 50 via sixth fluid flow path 88. 

To generate chlorine dioxide gas, on/off valve 60 is opened, and amixture of 
chlorine and nitrogen gas is transferred from cNorine/nitrogen tank 52 to the first inlet 
25 ofrrretTjmii^on 54 vUfrret fluid flowpath 56. 

On/off valve 68 is also opened, and nitrogen gas is transferred from 

cblorme/mtr^ 

path 64. Pressure regulator 58 regulates the pressure of the gas in second fluid flow 
path 54. The chlorine/nitrogen gas mhrture combines with nitrogen gas in first T 
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junction 54 to formagas mixture. The gas rnixture flows from the outlet of first T 
junction54totefirstiiaeto^ 

Pressure gauge 74 measures the pressure of tie gas mixture via the second Wet of 

second T junction 70 and fourth fluid flow path 76". 
5 The gas nrixto e i3theBtr a r lS f e nediiomseco^Tjun C uoB70 to sodium chlorite 

cartridge 80 via fifth fluid flow path 82, where it reacts with the sodium chlorite in 
sodiumcttoriiecartrid^^ Flowmeter 84 regulates the 

pressure of the gas mixture in fifth fluid flow path 82, and control valve provides a 
mechanism for interrupting gaa flo W through fifth fluid flow path 82, if needed. The 
10 chlorine dioxide gas flows from sodium chlorite cartridge 80 and exits chlorine dioxide 
generator 50 via sixth fluid flow path 88, 

Decontamination chambers 

The selectively scalable decontamination chamber 36 described above (FIG. 1) 
15 can be any rigid, substantially gas-impermeable chamber, for example a rigid container, 
an autoclave, ahypobatic chamber, a room, or a bwldmg. In one embodiment, 
Bdectively sealable decontamination chamber 36 is a rigid container 90, as shown in 
HG. 3. The rigid container 90 includes a reaction vessel 92 that has a scalable opening 
94 and a lid 96 for sealing the sealable opening 94. Reaction vessel 92 is supportedby a 
20 stand 98, which includes a heat source 100 for providiDg heat to reaction vessel 92. 

Reaction vessel 92 is supported by a stabilizing collar 102. lid 94 includes a 
first sealableport 104 and a second Bealable port 106. A thermometer or a hygrometer 
canbe introduced into reaction vessel 92 via first sealable port 104 or second sealable 
port 106. lid 94 also includes a third sealable port 108 through which gas and liquid 
25 can be introduced to and removed from reaction vessel 92. 

In operation, a suitabry-sized article, for example apiece of mail or a parcel, is 
placed in reaction vessel 92, and sealable opening 94 is sealed using lid 96. Huxmdifled 
gas is added to reaction vessel 92 via third sealable port 108, ami the article is incubated 
mme humidffiedgasforapred^ The relative humidity of the 
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10 



humidified gas and the duration of incubation are determined based on the particular 
characteristics of the article being decontaminated, includh^bnrt not limited to, the 
porosity of the article, the inherent ability of potential or actual cmtamkiatmg spores to 
resist de«mterrnr*tionby chlorine dioxide, we concentration of chlorine dioxide gas to 
be used, the degree to wMch potential or actual contaminating spores are desiccated, and 
the relative himudity of the chlorine dioxide gas to be used. 

The humidified gas is then evacuated via third scalable port 108, generating a 
vacuum pressure of at least as low as 100 inches of water. Chlorine dioxide gas is men 
added to reaction vessel 92 via the third scalable port 108, and the article is incubated in 
the chlorine dioxide gas for a predetermined time. The particular concentration of 
chlorine dioxide gas selected for use is a function of several factors, including, but not 
limited to, the porosity of the article, the inherent ability of potential or actual 
contaminating spores to resist decontarrnnationby chlorine dioxide, the dnntfcm-of 
• exposure to the chlorine dioxide gas, the degree to which potential or actual;, 
contorting spores are desiccated, the humidity to which the article has been exposed 
during me humidification step, me duration of the humidification step, and the relative 
humidity of the chlorine dioxide gas. The chlorine dioxide gas (such as humidified 
■ chlorine gas) is then evacuated via third scalable port 108, lid 96 is opened, and the 
article is removed from reaction vessel 92 through sealable opening 94. 
20 In another embodiment, as shown in FIG. 4, selectively sealable 

decontarnination chamber 36 is a room 1 1 0. Room 1 10 includes an influx channel 1 12 
for transferring gas into room 110, and an efflux channel 1 14 for transferring gas out of 
room 1 10. Influx channel 1 12 and efflux channel 1 14 can pass through a doorway 116 
that is sealed with a vapor barrier 118. m particular examples, influx channel 1 12 and 
efflux channel 114 are a single channel, whose purpose changes depending on whether 
materials are introduced or moved from room 1 10. Room 110 can ^o include a 
window 120 that is sealed with a vapor barrier 122 and reinforced with a reinforcing 
panel 124. In examples were the selectively sealable fccontarrnnation chamber 36 is a 
room 1 10, a vacuum generator 46 is not required. 



15 



25 
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In operation, humidified gas (such as humidified air or humidified chlorine 
dioxide or both) is transferred into room 110 via influx channel 112- Room 110 is thai 
incubated in the humidified gas for a pr^etennined period of time. The relative 
humidity of the humidified gas and the duration of incubation are detennmed based on 

5 the particular characteristics of room 110, irxbding, but not limited to, the porosity of 
articles and furnishings in room 1 10, the inherent ability of potential or actual 
contaminating spores to resist decontamination by ihe gas used, the concentration of 
decontaramation gas used, the degree to which the potential or actual contaminating 
spores are desiccated, end the relative humidity of the decontamination gas used. 

10 ' If not administered previously, decontamination gas (such as humidified chlorine 

dioxide gas) is then transferred into room 1 10 via influx channel 112, androomllOis 
incubated in the dr^ntamination gas.for a t^redeteranned period of time. The particular 
concentration of decontamination gas-selected for use is a function of several factors, 
mcludmg, but not limited to, meiimerent abflity of potential or actual contacting 

15 spores to resist decontamination by the (lecontaimnation gas such as chlorine dioxide, 
the duration of exposure to the decontamination gas, the degree to which potential or 
actual cotfammating spores are desiccated, the humidity to which the article has been 
exposed during the humidification step, the duration of the humicHfication step, and the 
relative humidity of the decorrtammation gas. The decontamination gas is then 

20 evacuated from room 1 10 via efflux channel 114. 

EXAMPLE 1 

Decontamination of weaponized spores with high-purity chlorine dioxide gas 
Tins example demonstrates that a eventration of 10,000 parts per Trillion 
25 (ppm) chlorine dioxide gas is an effective sterilant for paper contaminated with 
weaponized spores. 

Paper filters (if=16) corrtarninatsd with 2.0 x 10 8 weapemfced spores were 
exposed to 10,000 ppm CIQ2 for four hours. Filters were cultured under rwrrmssive 
culture conditions (15 hour incubation intryptic soy broth) to determine whether the 
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weaponized spores were viable following the decontarnmation protocol. Out of 16 
filters exposed to the decontamination protocol, none showed viable spore, following 
decontarnination. Thus, a concentration of 1 0,000 parts per million (ppm) chlorine 
dioxide gas is an effective sterilant for paper contarmnated with weaponized spores. 



10 



15 



EXAMPLE 2 

Effect of pre-bumidifitation on decontamination efficacy 

■Ms example demonstrates that following a ^hurnidification step carried out 
at 95% relative humidity and 95T for 1-3 hows, a concentration of 10,000 parte per 
million (ppm) chlorine dioxide gas is an effective sterilant for both conventional 
biological indicator spores and weaponized spores. 

• . • Paper filters contamiiiated with 2.0 x 10 s weaponized spores (n=<2),'.tf> 10 
■weapmnzed spores (n=2), OE ;l0 6 corr,entionalHoloBicdirdicatm- spores (rrf)were, 
enclosed in envelopes and pre-humidified at 95% relative humidity and 95 "Efor M . 
horns. Theywere then exposed to 10,000 ppm QO z for four hours. Filters werd 
culturedmder permissive culture conditions (15 hour Ration mtryptic ta 
Pennine whether the spores were viable following the o^orrtarnination protocol. 
None of the filters showed viable spores following de«mtarrnnatfon (Table 1.) 



20 



Table 1: Effect of pre-hnmidiflcation on decontamination efficacy 



Hnmldification time 



2 x 10" Weaponized Snores/filter 



T0'° Weaponized Spores/filter 



To 6 Conventional Biological 
Indicator Spores/filter, 



Positive Control 



1 hour 



0/2 



0/2 



0/2 



1.7 x 10" 



2 hours 



0/2 



0/2 



0/2 



1.7x10" 



3 hours 



0/2 



0/2 



0/2 



1.7x10" 
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EXAMPLE3 

Effect of gas concentration on decontamination efficacy 
This example demonstrates that following a pre-liumidificaJion step at 95% 
relative humidity and 95T for 1.5 hours, a concentration of 1,000 parts per million 
(ppm) chlorine dioxide gas is an effective sterilant for both conventional biological 
indicator spores and weaponized spores. 

Paper filters contaminated with 2.0 x 10 B weaponized spores, 10 10 weaponized 
spores, or 1 0 s conventional biological indicator spores were enclosed in envelopes and 
pre-hnmidified at 95% relative humidity and 95T for 1 .5 hours. They were then 
exposed to 2,500, 1,000, or 500 ppm ClOj for four hours. Filters were cultured under 
permissive culture conditions (15 hour mcubationmtryptic soy broth) to determine 
whefoerfce spores wore viable fond™ Onlytfcefilters 
containing weaponized spores that w^exposedtothelowest concentration of chlorine 
dioxide (500 ppm) showed viable' sporefoUcwing decontamination (Table 2.) 

Table 2. Effect of gas concentration on decontaminatio n efficacy 
ClO^ Concentration 



2 x 10 s Weapmrtaed Spores/filter 



1Q L " Weaponized Spores/filter 



10* Conventional Biological Indicator 
Spores/filter, 



^Weaponized Spores/filter 



Positive Control 



2500 ppm 



0/2 



0/2 



0/2 



1.7x10' 



1000 ppm 



0/2 



0/2 



0/2 



1.7x10" 



500 ppm 



2/2: 1.43 X 10 3 



2/2 



0/2 



3/4 



1.7 x 10 s 



Thus, following a pre>iumidification step at 95% relative humidity and 95T for 
13 hours, a concentration of 1,000 parte per million (ppm) chlorine dioxide gas is an 
20 effective sterilant for both conventional biological indicator spores and weaponized 



spores. 
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EXAMPLE 4 
Coinparisou of biological indicators at 500 ppm ClOi 

This examp le demonstrates the inadequacy of using nca-weapoW spores to 

measure thsdeconta^^ 

protocols. 

Paper filter contaminated with 10 6 weaponized spores or 10 conventional 
biological indicator spores were enclosed in envelopes find preimnidified at 95% 
relative humidity and 95T for 1 -3 hours. They were then exposed to 500 ppm C1Q, for 
four hours. Filters were cultured under permissive culture conditions (15 hour 
incubation in tryptic soy broth) to determine whether the spores were viable following 
fhedecontaroinationprotocol. Following decontaroination, the weaponized spores were 
*m viable whereas the conventional biological indicator spores were not CWhto-3.) ' " 



15 



Title 3. Comparison of biological indicators at 500 ppm 00? 



BarnkUficatioii Time 



I0 fi Weaponized Spores Per Filter 



10 6 Conventional Biological Indicator Spores Per 
Filter 



1 hour 



Positive 



I0 b Weaponized Spores Per Filter (positive 



control) 



10 6 Conventional Biological Indicator Spores Per 
Filter (positive control) 



Negative 



Positive 



Positive 



2 hours _ 



Positive 



Negative 



Positive 



Positive 



3 hours- 



Positive 



Negative 



Positive 



Positive 



Urns, conventional, non-weapomzed spores provide an inadequate assessment of 
me decontamination efficiency of chlorine dioxide bioweapon decontamination 
protocols. 



20 



EXAMPLES 

Efficacy of steam sterilization in decontaminating weaponized spores versus 
conventional bloindlcator spores 
This example demonstrates the inadequacy of steam sterilization for 
decontamination weaponized spores. 
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Paper filters contarr^atedwith 10 fi weaponized spores or loWerrrional 
biological indicator spores were enclosed in envelopes and exposed to a steam 
de^ntammationpmtocol for 15 minutes at 121-C and a pressure of 20 poundsper 
square inch. Filters were cultured under permissive culture conditions (15 hour 
incnAatioamrx^ 

thedecontaroinatio^rotocol. Fouowing decontamination, tie weapon^ spot* were 
still viable, ^owir^heavy grow* with pellicle formation, whereas the ccmventtonal 

biological indicator spores showed no growth, 

Tiros, steam sterilization was infective at decontarmnating weaponized spores. 

EXAMPLE 6 

Effect of deep vacuum and successive^tmeut « da C ont a ndn a tion efficacy 

This example shows the effect of exposure to a deep vacuum and consecutive 
treatment cycles on decontamination .efficacyi » 

Weaponized spores or conventional bioindicator spores at a concentration of 
lO^were exposedto athreehour hnrmdificatiori step out at a relative hunndity 
of 90%. Spores were then subjected* a deep vacuum of atleast 29 inches of water, 
^ were exposed to 1,000 PP m chlorine dioxide gas for four hours, msome cases, the 
spores were subjected to multiple treatment cycles. Spores were then cultured in tryptrc 
soy broth to determine whether they were viable Mowing the deccmtarnmatron 
protocol. Table 4 shows the effects of successive CIO; treatment cycles on 
(jficcmlarnination efficacy. 



Table 4. Consecutive 


Chlorine Dioxide Tr 


eatments 


Cvcle3 _ 


Indicator 

10 lo Weaponized 

Spores 


faciei 
5.7 xlO 4 


Cycle 2 
0 

1.3 x ltf 


33 XlO 1 
7.2xlO i 


TP 10 

10 10 Weaponized 
Spores + Control 


4.3 x IF 
1.8x10- 


1.8xlO lu 
1.9xl0 lu 


1.8xlO W 

10x10'" #~ 


TP 10+ Control 


TQ*10 1U 
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Tfcus, exposing spore-contaminated articles to a deep vacuum prior to 
application of cMorke over multiple cycles can increase decontairnuation efficacy. 

EXAMPLE 7 

5 Effect of exposure time and chlorine dioxide concenfratlon on decontamination 
This example shows that increasing the exposure time to chlorine dioxide gas 
increases decontairnnation efficacy, that longer exposure times are required for spores 
contained in an envelope than for free spores, and lhat longer exposure times are 
required for weaponized spores than for non-weaponized spores. 

10 " Weaponized sporea or conventional bioindkator spores (MS) at a concenixation 
of 10 1( W either prepared as free sporea or confined to glassine envelopes. Spores 
werethenextM^toathroeh^ i< 

' Sr^swerethenwereexposedtol.OOOppmchlorm^ . 
15 CF^es5-16). Sporeswexetoenplatedmserialdfluti^ .. 
resulting colonies were counted to determine decontamination efficacy, hi addition, 
spores were cultured in tryptio soy broth for 24-48 hours to determine whether they were 
viable following the decontarnjnation protocol. 

Tables 5-16 show toe effects of chlorine dioxide exposure time on 
20 decoittnmnation of free spores versus spores in envelopes, and the differences in 
decontanunatkm efficacy on weaponized sporea versus conventional bioindioator 
spores. TheresuttsshovmmTables 5-16 are sum^ 
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Table S: Decontamination efficacy of 0.5 hour incubation of spores 



glassine envelopes 



Envelope 


10 
(Dilution 
on agar) 


10 
(Dilation 
on aear) 


11V* 

IV 

(Dilution 
on aear) 


Broth 24 
Hrs. 


Broth 48 
Hrs. 


MS lv l 


0 


0 








MS 10 2 


0 


0 


0 


- 


- 


MS lw * 


0 


0 


0 






MS 10 4 


0 


0 


0 


- 


- 


MS ,U 5 


0 


A 

u 








10 l ° 


870 


87 


0 




+ 


Weaponized 
Spores 1 












10 10 


410 


57 


3 


+ 


+ 


Weaponized 
Spores 2 












io 10 


1090 


97 


..10 . 




+ 


Weaponized 
Snores 3 






; % y- ',*• • 
' ' ' ' / 

1 ,. !>. 






io 10 


533 


27 




+ 


+ 


Weaponized 
Spores 4 












10 ie 


1527 


13 


3 


+• 


+ 


Weaponized 
Spotes5 












PBS- 
Contzol 


0 


0 


0 
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Table 6: Decompilation efficacy of 0.5 hour incubation of spores in glassine 



envelopes 



1 Envelope 

MS l0 l 
MS 10 2 


10* 
(Dilution 
on agar) 
TNTC 
TNTC 


(Linuuon 
on agar) 
TNTC 
TNTC 


10* 

IJ/llU UyU 

on agar) 

TNTC 
1460 


Broth 24 
Hrs. 

+ 
+ 


Broth 48 
Hrs. 

+ 
+ 


MS lu 3 
MS 10 4 


0 

TNTC 
1<T 
(Dilution 
on agar) . 


0 

TNTC 

icr' 

(Dilution 
on agar") 


0 

TNTC 
Iff* 
(Dilation 
on near) 


+ 
+ 


+ 

+ 


10 l(i 

WeHponized 


TNTC 


3427 


40 


+ 


+ 


Spores 1 

Weaponized 
Snores 2 ' 


TNTC 


TNTC 


960 


+ 


+ 

■ 


. io!V 

Weaponized 
Spores 3 


TNTC 


2023 


180 


+ 


+ 


10 10 

Weaponized 
Spores 4 


TNTC 


TNTC 


S87 


+ 




PBS- 
Control 


0 


0 


0 
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Table 7: Decontamination efficacy of 1 hour incubation of spores wlthont glassine 



envelopes 



Envelope 



MfFT 



m W 2 



Iff 1 
(Dilution 
on agar) 



0 



(Dilution 
on agar) 



0 



0 



Iff 8 
(Dilution 
on agar) 



0 



Broth 24 
Hrs. 



Broth 48 
Hrs. 



MS W A 
^5 



10 l 

Weaponized 
Spores 1 



10" 
Weaponized 
2 



Spores: 



10 l 

Weaponized 
Spores 3 



1<F 
Weaponized 
Spores 4 



Weaponized 
Spores S 



PBS -Control 



1873 



103 



13 



30 
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Table S: Decontamination efficacy of 1 hoar incubation of spores in glassine 



envelopes 



r 



Envelope 



MS 10 ! 



MS W 2 



MS^3 



MS' r 4 



(Dilution 
on agarL 



0 



2100 



(Dilution 
on agar) 



10° 
(Dilution on 
agar) 



nd 



ND 



ND 



ND 



10* 
(Dilution on 
agarl 



10" 
(Dilution on 
agar) 



ND 



ND 



ND 



ND 



10" 
(Dilution on 
agar) 



Broth 24 
His. 



+ 
+ 



Broth 48 
Hrs. 



+ 



Weaponized 
Spores 1 



10 

Weaponized 
Spore s 2 



tit 



10" 
Weaponized 
Spores 3 



10^ 
Weaponized 
Spores 4 



TNTC 



3427 



40 



PBS - Control 



TNTC 



' TNTC - . 



TNTC 



TNTC 



2023 



TNTC 



960 



180 



687 



+ 



+ 
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Table 9'. Dwontaraination efficacy of 2 hour incubation of spores in glassine 



envelopes 



Envelope 

MS 1U 1 
MS 10 2 


Iff 1 
(Dilution 
on agar) 
TNTC 
0 


10 2 
(Dilution on 
agar) 
TNTC 
0 


Iff* 
(Dilution on 
agar) 
TNTC 
0 


Broth 24 

+ 

+ 


Broth 48 
Hrs. 

+ 
+ 


MS 10 3 

IMC 10 A 


0 
0 

io- 1 

(Dilution 
on agar) 


0 
0 

i<r 2 

(Dilution on 
apart 


0 
0 

Iff 4 

(Dilution on 
agar) 


+ 
+ 


+ 
+ 


io lu 

Weaponized 
Scores 1 


0 


0 


0 


+ 


+ 


io lu . 

. Weapordzed 
Snores 2 


TNTC 


TNTC 


4350 


+ 


+ . 


-io 1 * 

Weaponized 
Spores 3 


3203 


463 


53 




. + 


To" 

Weaponized 
Spores 4 

PBS — Control 


0 

F O 


0 
O 


0 
0 


+ 


+ 
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Table 10: Decontamination efficacy of 2 honr incubation of spores without 



glassine envelopes 



Envelope 

MS 1 "! 
MS lu 2 


lor 1 

(Dilution 
on agar) 

0 

0 


10* 
(Dilution on 
asart 
0 
0 


lir 3 

(Dilution on 

sgrc* 

0 

0 

0 


Broth 24 
Hrs. 

+ 


Broth 48 
Hrs. 

+ 


MS 1U 3 

Mo *» 

MS 1U 5 
JO 10 

Weaponized 
Spores 1 


0 

o 

0 
0 


0 
0 
0 
0 


0 
0 
0 






"10 10 

Weaponized 
Swrea 2 


0 


0 


o 1 






10 s 

Weaponized 
Spores 3 


: ' 0 


0 


0 






u> ,u . 

Weaponized 
Spores 4 


0 


0 


0 




+ 


i5» ; 

Weaponized 
Snores 5 
PBS - Control 


0 
0 


0 
0 


0 
0 
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Table 11: Decontamination efficacy of 3 hour incubation of spores without 



Envelope 


wr 1 

(Dilution 
on agar) 


Iff* 

(Dilution on 
agar) 


10* 
(Dilution on 
agar) 


Broth 24 
Hrs. 


Broth 48 
Hrs. 


MS 10 1 


0 


0 


0 t 






MS lw 2 


0 


0 


0 


- 




MS lu 3 


' 0 


0 


0 




- 


MS 1U 4 


0 


0 


0 






MS 10 5 


0 


0 


0 






io 10 

Weaponized 
Spores 1 


0 


s 0 


0 






10* 

Weaponized 
Scores 2 


0 


0 


0 






Weaponized 
Spores 3 


0 


0 


0 


f 




IO 10 

Weaponized 
Spores 4 


0 


0 


0 






10™ 

Weaponized 
Spores 5 
PBS— Control 


0 
0 


0 
0 


0 

o 
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Table 12: Decontamination efficacy of 4 hour incubation of spores without 



glassine envelopes 



Envelope 


1U 

(Dilntion 
on aear) 


in"'* 
(Dilution on 
agar) 


ID"* 
(Dilation on 
aear) 


Broth 24 
Hrs. 


Bro*48 
Hrs, 


MS 1U 1 


0 


0 


0 






MS 10 2 


0 


" 0 


0 


- 


*> 


MS lu 3 


0 


0 


0 






MS 4 


n 
V 




o 




■i 


MS lu 5 


0 


0 


0 






10 lu 

Weaponized 
Spores 1 


0 


0 


0 






10 lu 

Weaposized 
Spores 2 


0 


0 


0 






10 ,u 

Weaponized 
Spores 3 


0 


0 


o 






10 ID 


0 


0 


0 






Weaponized 
Spores 4 












10" 

Weapomzed 
Spores 5 


0 


0 


0 






1 PBS - Control 
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0 
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Table 13: Decontamination efficaey of 4 hour Incubation of spores in glassine 
envelopes 



Envelope 



MS lu l 



10 

Weapouized 
Spores 1 



10' 



Weaponized 
Spores 2 ■ ■ 



ur 



10 

■Weapanized 
Spores 3 



10 

Weaponized 
Spores 4 



1<T 
(Dilution 
on agar) 



10 z 
(Dilution on 
agar) 



0 



ur 1 

(Dilution 
on attar) 



10 



i<r 2 

(DUution on 
agar) 



PBS -Control 



"10 3 
(Dilution on 
agar) 



0 



0 



(Dilution on 
agar) 



Broth 24 
Hrs. 



10 



+ 



Brolh48 
Hra. 



+ 
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Table 14: Decontamination efficacy of 5 hour incubation of spores 



glasaine envelopes 



Envelope 

"MS 10 1 
MS lu 2 


io- 1 

(Dilution 
on agar) . 

0 

0 


10 4 
(Dilution on 
apart 
0 
0 


Iff* 

(Dilution on 

aRari 

0 
0 
0 


Brou\24 . 
Hrs. 

- 


Broth 48 I 
Hrs. 

— . — I 


MS 10 3 

MS lu 5 
10 LU 

Weaponized 
Spores 1 


0 
0 
0 
0 


0 
0 
0 
0 


0 
0 
0 






10 1U 

Weaponized 
Spores 2 


0 


0 


0 






Weaponized 
Scores 3 


0 


0 


.• 0 






> 

Weaponized 
Spores 4 


0 


0 


0 






Weaponized 
Spores 5 
PBS -Control 


0 
0 


0 
0 


0 
0 
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Table 15: Decontamination efficacy of 6 hour incubation of spores withi 



gl as sine envelopes 



Envelope 


IO 1 
(Dilution 
on agar) 


(Dilution on 
aear) 


10" 
(Dilution on 
agar) 


Broth 24 
Hrs. 


Broth 48 
Hrs. 


MS lu l 


0 


0 


O 




— — — 


MS 1U 2 
MS lu 3 


0 
0 


0 
0 


0 
0 


- 




MS 4 
MS 1U 5 


0 


o 

0 


0 
0 






10 10 


0 


0 


0 






Weaponized 
Spores 1 












10 w 

Weaponized 
Snores 2 


0 


0 


0 






10 ,1 > ; 
Weaponized 
Spores 3 


0 


0 


0 






10 w 

Weaponized 
Spores 4 


0 


0 


0 






io 10 

'Weaponized 
Spores 5 


0 


0 


0 






PBS -Control 


0 


0 


0 
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Table 16: Decontamination efficacy of 6 hoar incubation of spores in glasslne 
envelopes 



Envelope 


10' 1 
(Dilution 
on agar) 


10* 
(Dilation on 
agar) 


10*' 
(Dilution on 
agar) 


Broth 24. 
Hrs. 


Broth 48 
Hrs. 


MS ia l 


O 


0 


0 


+ 


+ 


Mb A 


A 
1/ 


n 

V 


0 


+ 


+ 


MS 1 " 3 


0 


0 


0 


+ 


+ 


MS 10 4 


0 


0 


n 

V 


+ 


+ 




10" 1 
(Dilation 
on agar) 


1(T Z 
(Dilation on 
aaar) 


(Dilution on 
agar) 






10 lU 

Weaponized 
Spores 1 


0 


0 


0 


+ 


+ 


10" 

Weaponized 
Spores 2 


10 


0 


10 


+ 


+ 


10 l ° 

Weaponized 
Spores 3 


0 


0 


.0 


+ 


+ 


10 s 

Weaponized 
Spores 4 


0 


0 


0 


+ 


+ 


PBS - Control 


0 


0 


0 







10 



Thus, increasing the exposure time to chlorine dioxide gas increases 
decoiiiamination efficacy, longer exposure times are required for spores contained in an 
envelope than for free spores, and longer exposure times are required for weaponized 
spores than for nan-weapoirized spores. 

This disclosure provides methods and apparatus for decontairdffirtmg articles 
such as a porous article. It will be apparent that the precise details of the methods and 
apparatus described may be varied or modified without departing fcom the spirit of the 
described disclosure. We claim all such modifications and variations that M within the 
scope and spirit of the claims below. 
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We claim: 

1 . A method of decontaminating an article, comprising: 
enclosing the article in an environment; 

humidifying the environment to enhance susceptibility of spores to 
5 decontamination with chlorine dioxide; 

reducing^ pressure in the humidified environment to at least as low aa 100 

inches of water (025396 kg/cm 2 ); and 

introducing into the environment a concentration of gaseous chlorine dioxide 
effective to decontaminate the article by killing substantially 100% of the spores. 

10 

2. Hie method of claim 1 , wherein the article is porous. 

■ i 

3. The method of claim 1 , wherein the article is non-porous. 

15 4. The method of claim 1, wherein the environment is a rigid container, autoclave, or 
hypobaric chamber. 

5. The method of claim 1, wherein humidifying the environment comprises increasing 
the relative humidity of the environment to at least 95%. 

20 

6. The method of claim 5, wherein hurmdifymg the environment comprises increasing 
the relative humidity of the environmentto at least 90% for at least one hour. 

7. The method of claim 6, wherein hunndifymg the environmenl comprises increasing 
25 the relative rannidity of the environment to at least 90% for at least three hours. 

8. The method of claim 1, wherein the pressure in the rnumdifkd environment is 
reduced to at least as low as 50 inches of water (0.12698 kg/cm 2 ). 
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9. The method of claim 1 , wherein the pressure in the humidified environment is 
reduced to at least as low as 29 inches of water (0.0736484 kg/cm 2 ). 

10. The method of claim 1, wherein the concentration of gaseous chlorine dioxide is at 
5 least 10OO parts per million. 

11. The method of claim 1 .wherein the concentration of gaseoiis cUoime dioxide is at 
least 2500 parts per million. 

10 12. ThemeuiodofclamiVwhere^ 
least 70% humidity. 

13. The method of claim 1, wherehithe gaseous chlorine ^dioxide is introduced 
concurrently with humidified air at least 70% humidity. 

15 

14. The method of claim 1, wherein the article is exposed to the gaseous chlorine 
dioxide for at least one hour. 

15. The method of claim 14, wherein the article is exposed to me gaseous chlorine 
20 dioxide for at least six hours. 

16. The method of claim 1, wherein the spore is a Auflte anthracis spore. 

17. The method of claim 1, wherein me spore is a weapomzed spore. 

25 

18. The method of claim 1, wherein the article comprises paper. 

19. The method of claim 1, wherein the environment is a decontamination chamber, 
humiafying the environment comprises increasing the relative humidity of the 
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environmentto at least 90% for at least one hour, the pressure in the humidified 
environment is reduced to at least as low as 29 inches of water (0.0736484 kg/cm 2 ), ihe 
concentration of gaseous chlorine dioxide is at least 1000 parts per million, and the 
article is exposed to humidified gaseous chlorine dioxide for at least one how. 

5 

20. The method of claim 1, wherein the burridifying and the introducing into the 
environment a concentration of gaseous chlorine dioxide occurs at substantially the 
same time. 

10 21 . A method of decontamination, comprising^ 

sealing a room or building, thereby generating a sealed room or sealed building; 
humidifying the sealed room or sealed building to enhance the susceptibility of 
.spores in thesWedxoomors^^ 

and : '" •■ - • 

introducing into the sealed room or sealed building a concentration of gaseous 
chlorine dioxide effective to decontaminate tire sealed room or sealed buUding by 
Killing substantially 100% of the spores. 



15 



22. The method of claim 21, wherein the hutmoifying and the introducing into the 
20 environment a concentration of gaseous chlorine dioxide occurs at substantially me 

same time. 

23. The method of clahn21, wherein the sealed room or sealed bunding is atambient 
pressure. 



25 



24. An apparatus for decontarninating a porous article, comprising: 
a selectively sealable decontamination chamber; 
a decontamination chamber humidifier; 
a source of chlorine dioxide gas in fluid communication with the 
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decontamination dumber; and 

a decontamination chamber vacuum generator. 

25. The apparatus of claim 24, further comprising: 
5 a first fluid flow path for transferring humidified gas from the decontamination 

chamber humidifier to the selectively sealable decontamination chamber, 

a second fluid flowpath for transferring chlorine dioxide gas from the source of 
chlorine dioxide to the selectively sealable decontamination chamber, and 

a third fluid flow path for evacuating the selectively sealable decotfaminalkrn 
10 chamber via the decontamination chamber vacuum generator. 

26. Tte apparatus of claim 25, further comprising a flow regulator in the first fluid 
flowpath. 

15 27. The apparatus of claim 25, further comprising a rotameter in the first fluid flow 
path. 

28. The apparatus of claim25, further comprising a nitrogen source and a fourth 
fluid flow path for referring nitrogen gas to the anamination chamber humidifier. 

20 

29 . The apparatus of claim 28, farther comprising a fill valve in the fourth fluid flow 
path. 

30. The apparatus of claim 28, further comprising a flow regulator in the fourth fluid 
25 flowpath. 

31 . The apparatus of claim 25, farther casing a flow regulator in the third fluid 
flowpath. 
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32. The apparatus of claim 25, further comprising a ventilation valve in the second 
fluid flow path. 

33. The apparatus of claim 24, wherein the Bource of chlorine dioxide gas is a 
5 chlorine dioxide generator. 

34. The apparatus of claim 24, wherein the selectively sealable decontamination 

chamber is a rigid container. 

i 

10 35. The apparatus of claim 24, wherein the apparatus farther comprise* a heat source 
forprovldingheattoih^ 



36 The apparatus of claim.24, wherein the apparatus further comprises a 
hygrometer for gating humidity in ^^A.^^^^"^^^^ 

15 37 The apparatus of claim 34, wherein the rigid container comprises a heat source, a 
tt^stntforreguUtmgme heat source, and a hygrometer for reguiarhrg humidity in 

the rigid container. 

20 38. The apparatus of claim 24, wherein the aelectively sealable decorrramination 
chamber comprises an autoclave or a hypobaric chamber. 
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